The Fe1+yTe1−xSex compounds belong to the family of iron-based high temperature superconductors, in which superconductivity often appears upon doping antiferromagnetic parent compounds. Unlike other Fe-based superconductors (in which the antiferromagnetic order is at the Fermi surface nesting wavevector [ 1 /2, 1 /2,1]), Fe1+yTe orders at a different wavevector, [ 1 /2, 0, 1 /2]. Furthermore, the ordering wavevector depends on y, the occupation of interstitial sites with excess iron; the origin of this behavior is controversial. Using inelastic neutron scattering on Fe1.08Te, we find incommensurate magnetic fluctuations above the Néel temperature, even though the ordered state is bicollinear and commensurate with gapped spin waves. This behavior can be understood in terms of a competition between commensurate and incommensurate order, which we explain as a lock-in transition caused by the magnetic anisotropy. Superconductivity in the recently-discovered ironbased superconductors (FeSCs) 1 often appears at high transition temperatures. These compounds contain a simple square lattice of iron atoms, coordinated with pnictogen or chalcogen atoms forming planes of tetrahedra. Interplanar layers differ between families, consisting of either metal oxides, alkaline earth atoms, alkali atoms, or nothing at all as in the "11" compounds on which we focus here. The parent compounds of most families become orthorhombic and antiferromagnetic (AFM) at low temperatures, and superconductivity can be induced by doping with electrons, holes, isoelectronically, or by the application of pressure (see, e.g.,
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While nesting explains many experiments, the magnetic order in the x = 0 endpoint of the Fe 1+y Te 1−x Se x series is a highly unusual commensurate "bicollinear" magnetic structure 5 with a wavevector along q AF M = [ 1 /2 , 0, 1 /2]. Neither density functional theory (DFT) 6 nor photoemission measurements 7 find any evidence for nesting at this wavevector, which indicates the presence of local moments. These moments must interact with each other via competing exchange interactions 8 , which should lead to incommensurate order. The mechanism behind the commensurate bicollinear order is one of the main unresolved issues in the effort to understand the FeSCs.
Here we report results of a detailed inelastic neutron scattering (INS) investigation of the region near q AF M in a high-quality single-crystal sample of Fe 1.08 Te. We find strong evidence for competition between commensurate and incommensurate ordering in the form of spin excitations which abruptly shift from the incommensurate q inc ≈ [0.45, 0, 0.5] to the commensurate wavevector q AF M = [ 1 /2 , 0, 1 /2] when passing below the Néel temperature T N (see Fig. 1 ). We interpret this unusual behavior in terms of a lock-in transition driven by crystalline anisotropy, which causes bicollinear order.
The INS measurements were performed on a single crystal of Fe 1.08 Te (≈ 0.1 cc, ≈ 2 g, mosaic spread 2
• ). It was grown by the Bridgman technique, and the ex-cess iron content was determined by Patterson refinement of single-crystal x-ray diffraction data to be y = 0.08. The Néel temperature was defined as the steepest slope of the magnetic Bragg peak intensity with temperature, was found to be T N = 67.5 K, consistent with other reports [9] [10] [11] for this value of y. The crystal structure at room temperature is tetragonal (space group 129, P4/nmm) with lattice constants a = b = 3.823(3)Å and c = 6.282(6)Å. Although this compound becomes monoclinic (space group 11, P2 1 /m) at low temperature 12 , the primary effect is a shift of the Te atoms within the unit cell 5 ; the rotation of the c-axis away from 90
• is quite small, and amounts to a broadening of certain Bragg peaks (see Fig. 2b ), so we describe the measurements in the tetragonal [HHL] notation. The neutron measurements were performed on the 1T1 triple-axis spectrometer at the Laboratoire Léon Brillouin, Saclay, France. The sample was mounted in a standard displex cryostat (base temperature T = 11 K) in the [H0L] plane. The measurements were done with vertically and horizontally focusing PG crystals as monochromator and analyzer, respectively. A graphite filter was used to reduce λ/2 contamination. The scans were performed using a fixed final wavevector of k f = 2.662Å (E f = 14.7 meV), corresponding to an energy resolution of 0.8 meV at the elastic line. Fitting was done using the Fityk program 13 . All constant-q scans were fit with a background function (either constant or linear) and Gaussians for the peaks. Elastic scans were fit with a constant background and Voigt profile.
We measured inelastic and elastic magnetic scattering from our sample near q AF M , obtaining a detailed picture of the evolution of the magnetic order, the crystal structure, and the magnetic excitations as a function of temperature in the vicinity of the first-order phase transition from the high-temperature paramagnetic to the lowtemperature AFM phase. Figure 1 shows constant-energy scans, at E = 6 meV, along [H, 0, 1 /2] above and below T N . At 50 K the peak is commensurate and comparable in width to the resolution function, whereas at 70 K it is broad and incommensurate.
Figure 2a details the peak scattering intensity at 2 meV, which is well below the low-T spin gap, taken along the [H, 0, 1 /2]-direction. This is plotted together with the temperature dependence of the magnetic Bragg peak. The phase transition at 67.5 K is clearly evident: the intensity at 2 meV builds up on cooling towards the phase transition, then drops abruptly as the spin gap opens and the magnetic Bragg peak appears. The rapid increase of magnetic intensity is consistent with a first-order phase transition. We also measured the temperature dependence of the mosaic of the [004] lattice reflection, which is proportional to the amount of the monoclinic distortion. Figure 2b demonstrates that the magnetic transition is concurrent with the structural phase transition to the monoclinic phase. Figure 3 shows S(q, ω), and summarizes the energyand wavevector-dependence of the magnetic inelastic scattering above and below T N . Above T N it is incommensurate, broad, and ungapped. Below T N it is commensurate, narrow, and gapped. Both have nearly vertical dispersion within the experimental uncertainty.
The temperature dependence of the signal with L is shown in Fig. 4 . The magnetic scattering at 2 meV is nearly absent at 65 K, because of the spin gap opening at the phase transition. Upon heating in the paramagnetic phase, the signal broadens along the L-direction, although the integrated intensity stays roughly the same. The signal broadens only slightly in the H-direction (not shown). Based on this observation, we conclude that the buildup of intensity in H-integrated scans at 2 meV towards T N shown in Fig. 2 results from an increase in the magnetic correlation length along the c-axis, as opposed to an increase of total scattering.
The most important feature of the observed behavior is that incommensurate fluctuations give rise to commensurate order, or more generally, fluctuations appear at one wavevector while ordering occurs at another. Our measurements demonstrate that, somewhat surprisingly, the shift in the inelastic peak is energy independent all the way up to the highest observed energy of 10 meV. Existing theories do not provide a cromulent explanation for the observed behavior. According to the orbital scheme as discussed, for example, in Ref. 8 , in the tetragonal phase the highest energy electron can occupy either d xz or d yz , orbitals which are otherwise empty. This orbital degeneracy implies that the entire spin system is free to rotate in the x-y plane with no in-plane anisotropy. In such a model, the bicollinear spin order results from a combination of anisotropic exchange and the biquadratic spin interaction. However, the predicted gapless spin-wave dispersion is inconsistent with the large spin gap that we and others have observed 10, 11 . Using DFT, Ma et al.
14 have found the lowest-energy commensurate phase to be bicollinear, even when the lattice is tetragonal. They did not calculate whether incommensurate ordering is more favorable than commensurate (DFT requires calculations using large supercells to understand the competition between commensurate and incommensurate order).
Our results (as well as those of previous experiments) may be captured by a simple model 15 , in which the spin rotation symmetry is explicitly broken by the single-ion anisotropy. The low-temperature monoclinic phase features both an orthorhombic distortion with shortening along the b-axis, as well as a monoclinic shearing of the Te-plans along the a-axis. Together these distortions break the symmetry along the a-and b-axes. Thus the crystal field environment becomes anisotropic, and the degeneracy between the d xz and d yz orbitals is lifted.
This single-ion anisotropy is at the heart of magnetoelastic coupling, causing an Ising-type behavior in which the spins are locked along the b-axis, which in turn opens a gap in the spin-wave spectrum (in agreement with experiments). In the tetragonal or orthorhombic phase with incommensurate magnetic order, the exchange interaction becomes dominant, and the magnetoelastic coupling does not lift the degeneracy between the d xz and d yz orbitals. In such a Heisenberg spin system, the various Js set the periodicity of the spin system, but the spins are free to rotate with respect to the lattice, and thus the spin excitations are gapless, and the fluctuating moments should be isotropic. However, spin fluctuations in the related system BaFe 2−x Ni x As 2 were found to have a preferred axis 16 , lending support to our interpretation of a Ising-type behavior in which the spin axis is coupled to the lattice. Fig. 5 shows a schematic of the energy as a function of the ordering wavevector, q ordering , and illustrates the competition between the high-temperature incommensurate paramagnetic and low-temperature commensurate magnetic states. In the tetragonal phase the interactions between the electrons favor an incommensurate phase whose wavevector is not too far from [ 1 /2, 0, 1 /2]. This is represented by a dotted parabola on the energy vs. q ordering plot, which has a minimum at an incommensurate wavevector. Here we are not concerned with the microscopic mechanism that causes the system to choose such an incommensurate wavevector (although such a wavevector is not difficult to achieve, given the interplay between different exchange, superexchange, and double-exchange pathways 8 ). However, the commensurate wavevector is special, because it allows the system to lower energy by an amount ∆E anisotropy through the monoclinic lattice distortion, which in turn allows the magnetic order to align the moments according to the spin anisotropy. Thus E total has a dip at the commensurate q. If that dip is close to the minimum of the exchange interactions, then it will be the global minimum, and the ground state will become bicollinear through the monoclininc distortion (this distortion is probably cooperative and related to the strong magnetoelastic coupling 17 , since J 1 and J 2 will split under the monoclinic and orthorhombic distortions, respectively). At temperatures greater than the anisotropy gap (≈ 6 meV, corresponding to 69 K), the spins are ther-
(color online) Schematic of the magnetic energy in Fe1+yTe at zero temperature as a function of the ordering wavevector, for two values of the excess iron concentration y. The exchange energy, E exchange , is represented as a parabola (dashed line); the structural anisotropy at the commensurate wavevector lowers the total energy, E total , further by ∆Eanisotropy. The system always settles at the global energy minimum, marked with an "X". (a) For values of y < 0.12, the minimum of E exchange is close to the commensurate wavevector, and so the global minimum is at the commensurate position. Above TN the anisotropy well becomes filled, thus spin fluctuations appear at qinc = [0.45, 0, 0.5], the exchange energy minimum. (b) For y > 0.12, the energy minimum for E exchange is far from the commensurate position, which puts the global minimum at an incommensurate wavevector near qinc = [0.38, 0, 1 /2] 5,11 .
mally excited above the gap, and the advantage it provides to the commensurate order disappears. Thus the incommensurate fluctuations we observe in the paramagnetic phase are the critical fluctuations leading up to a standard second-order transition, and in the absence of the lock-in transition the system would order at this incommensurate wavevector; but this transition is interrupted by the first-order transtition to the commensurate state. This lock-in scenario is expected to take place in the low-Fe doping regime. When the excess iron doping is increased beyond the critical concentration y ≈ 0.12, the system enters a mixed-phase regime 18, 19 , consistent with two minima (at the commensurate and incommensurate wavevectors). With further Fe-doping, the system becomes single-phase, and the incommensurability increases rapidly to q inc = [0.38, 0, 1 /2]
18 . The orthorhombic distortion is also a function of doping, and decreases beyond the critical doping 5 , which suggests the reduction of anisotropy. This can be understood as a doping-driven (as opposed to temperature-driven) classical commensurate-incommensurate transition 15 , in which the cost of the exchange energy required to form the bicollinear phase increases with doping, eventually becoming greater than the energy gained by the anisotropy gap (see Fig. 5 ). Doping should change the incommensurate wavevector preferred by the exchange energy; for lower values of iron doping with y < 0.12, this dependence can be found by examining the fluctuations just above T N (below T N , the system is of course gapped and commensurate). This doping-driven commensurateincommensurate transition is expected to be continuous and can be interpreted as the condensation of the domain walls (or solitons) of the commensurate state. One consequence of this transition is that at finite temperature a soliton liquid is expected to occur between the commensurate state (soliton vacuum) and the incommensurate state (soliton line crystal) 20, 21 . The recent observation of anomalous hysteresis in the thermal expansion of Fe 1.13 Te has been attributed to strong soliton pinning 22 . To conclude, we have observed clear signatures of a competition between commensurate and incommensurate magnetism in a well-characterized sample of Fe 1.08 Te. We find incommensurate fluctuations above T N , which give way to commensurate order below T N with a gap in the excitation spectrum. This behavior, as well as other previously unexplained observations, can be understood in terms of a lock-in transition induced by the spin anisotropy gap which is present in the monoclinic bicollinear phase and absent in the tetragonal phase. 
